Introduction
7,8-Dihydro-8-oxoguanine (8-oxoG) is an oxidative DNA modification that has been shown to be pre-mutagenic, giving rise predominantly to GC→TA transversions (1-3). 8-OxoG is generated in high yields in the reaction of apparently all oxidants with DNA. Relatively high concentrations of 8-oxoG have also been observed in the nuclear and mitochondrial DNA of all types of untreated cells, although the absolute values of these background levels are still controversial (4) . The 8-oxoG levels in the DNA of untreated cells are assumed to reflect the balance (steady-state) between a continuous generation of 8-oxoG-probably by reactive oxygen species formed in the cellular oxygen metabolism-and its removal, which is predominantly or exclusively accomplished by specific base excision repair (5) (6) (7) (8) .
A gene encoding a human repair glycosylase for 8-oxoG, hOGG1, has recently been cloned (9) (10) (11) (12) (13) (14) (15) . Similar to most enzymes that initiate base excision repair, the hOgg1 protein has an associated endonuclease activity, generating DNA single-strand breaks at substrate modifications. The hOgg1 protein has relatively high sequence homology to the corresponding yeast enzyme, but is not structurally related to the functionally analogous enzyme in bacteria, the Fpg protein.
Defects of the yOGG1 gene in yeast and of the fpg gene in Escherichia coli have been shown previously to increase the spontaneous mutation frequencies in these species, generating pronounced mutator phenotypes (16, 17) . If hOGG1 would be similarly important for the genetic stability in human cells, the hOGG1 expression is expected to influence the risk of malignant transformation in a way analogous to that observed for other genes involved in the repair of DNA, e.g. hMSH2 and hMLH1 (18, 19) . Indeed, mutations in the hOGG1 gene have been found in human lung and kidney tumours, in support of the assumption that an Ogg1 deficiency may predispose to malignant changes (20) .
Here we describe the overexpression of hOGG1 in mammalian cells. We report on the effects of the overexpression on the repair and mutagenicity of DNA damage in cells exposed to oxidants, on the one hand, and on the steadystate (background) levels of oxidative DNA modifications and the spontaneous mutation rates in untreated cells, on the other.
Materials and methods
Cells, repair endonucleases and chemicals AS52 chinese hamster ovary cells, which carry the bacterial guanine phosphoribosyl transferase (gpt) gene for analysis of mutations (21) , were obtained from W.J.Caspary (Research Triangle Park, USA) and cultured in Ham's F12 medium with 5% fetal calf serum, supplemented with penicillin (100 U/ml) and streptomycin (100 µg/ml). In the case of transfected cells, 200 µg/ml geneticin sulfate (G418) was added to the medium. Formamidopyrimidine-DNA glycosylase (Fpg protein) from E.coli was prepared as described previously (22) .
[R]-1-[(10-chloro-4-oxo-3-phenyl-4H-benzo[a]quinolizin-1-yl)-carbonyl]-2-pyrrolidinemethanol (Ro19-8022) was a gift from Hoffmann-LaRoche AG (Basel, Switzerland). Most other chemicals and enzymes were purchased from Sigma (Deisenhofen, Germany).
Transfection of hOGG1 into AS52 and AA8 cells
The open reading frame for the hOGG1 gene was amplified by PCR from the cDNA using the primers 5Ј-CGGAATTCATGCCTGCCCGCGCGCTTC and 5Ј-GCCCAAGCTTCCATCTAGCCTTCCGGCCC.
The PCR products were digested with EcoRI/HindIII and purified by agarose gel electrophoresis. The 1 kb resulting DNA fragment was then ligated into the EcoRI/HindIII restriction site of vector pcDNA3.1(-) (Invitrogen, Carlsbad, CA). This construct, pPR65, allows the constitutive expression of hOGG1 driven by the cytomegalovirus promoter in mammalian cells.
A total of 3ϫ10 5 cells in 5 ml culture medium were plated in culture dishes (60 mm). After incubation for 16 h, 1 µg pPR65 or pcDNA3.1(-) (vectoronly control) dissolved in 97 µl culture medium plus 3 µl FuGene6 transfection reagent (Boehringer Mannheim, Mannheim, Germany) was added to the cells and the incubation continued for another 24 h. Subsequently, aliquots of 1% of the cells were plated in culture dishes (100 mm). Geneticin sulfate (G-41; final concentration 800 µg/ml) was added after 48 h. Single clones were isolated after 10 days, propagated in 24 well plates and analysed for OGG1 expression as described below.
Analysis of transfectants for hOGG1 expression and enzyme activity
A total of 5ϫ10 6 cells were suspended in 0.35 ml lysis buffer (20 mM TrisHCl pH 8.0, 1 mM EDTA, 250 mM NaCl, 0.8 µg /ml antipain, 0.8 mg/ml leupeptin, 0.8 µg/ml aprotinin). The cell suspension was sonicated during 8 s at 4°C with pulses of 1 s each leaving 10 s intervals. After centrifugation at 4°C for 45 min at 85 000 g the supernatant was recovered, its protein content was determined (Bradford) and aliquots were used for the detection of hOgg1 by western blot or for enzymatic activity measurements. For western blot analysis, 50 µg protein was separated by SDS-PAGE and transferred to a nitrocellulose membrane. To detect hOgg1, a polyclonal rabbit antibody against the whole protein was used (C.Dhérin, J.P.Radicella and S.Boiteux, unpublished data). Fapy glycosylase activity was determined using [ 3 H]Fapypoly(dG-dC) as described (22) . The 8-OxoG repair activity was determined on 34mer oligonucleotides containing a single 8-oxoG at position 16, which were synthesized as described previously (23) . The sequence used in this study was: 5Ј-GGCTTCATCGTTATT(8-oxoG)ATGACCTGGTGGATACCG-3Ј.
The 34mer oligonucleotide containing the modified base was labelled at its 5Ј end using [γ 32 P]ATP and T4 polynucleotide kinase. The 32 P-labelled strand was hybridized with the complementary oligonucleotide carrying a cytosine opposite 8-oxoG by incubation at 90°C for 10 min followed by slow cooling to room temperature. The assay mixtures (14 ml final volume) contained 50 fmol of 32 P-labelled DNA duplex and cell extracts (3 µg of protein) in NTE buffer (70 mM NaCl, 2 mM Na 2 EDTA, 25 mM Tris-HCl pH 7.6). The reactions were performed at 37°C for 30 min and the products were separated by 20% denaturing PAGE in the presence of 7 M urea.
Treatment of AS52 and AA8 cells with oxidants
Cells were exposed to various concentrations of KBrO 3 in Ca 2ϩ -and Mg 2ϩ -free PBS (140 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 pH 7.4) at 37°C (10 6 cells/ml) for 5 min (to measure repair kinetics) or 15 min (for the mutation assay). The exposure of the cells to the photosensitizer Ro19-8022 in the presence of visible light from a 1000 W halogen lamp (Philips PF811) at a distance of 38 cm was carried out in Ca 2ϩ -and Mg 2ϩ -free PBS on ice. Illumination for 10 min corresponded to 166 kJ/m 2 between 400 and 800 nm, equivalent to 14 kJ/m 2 between 400 and 500 nm. To remove the damaging agents, the treated cells were washed three times.
Quantification of endonuclease-sensitive modifications by alkaline elution
The alkaline elution protocol followed the method of Kohn et al. (24) with modifications (25, 26) . The sum of modifications sensitive to Fpg protein and single-strand breaks was obtained from experiments, in which the cellular DNA was incubated for 60 min at 37°C with Fpg protein (1 µg/ml) immediately after cell lysis. Under these conditions, the incision by the enzyme at endonuclease-sensitive modifications has been shown to be saturated (26) . The numbers of modifications incised by the repair endonuclease were obtained by subtraction of the number of single-strand breaks observed in experiments without endonuclease treatment. Elution curves obtained with γ-irradiated cells were used for calibration, assuming that 6 Gy generate one single-strand break per 10 6 bp. When induced modifications (rather than background levels) were to be quantified, the slopes observed with untreated control cells were subtracted.
Quantification of induced mutation frequencies
The AS52 cell-line and its transfectants were cultured in cleansing medium (containing 11 µg/ml thymidine, 219 µg/ml xanthine, 22 µg/ml adenine, 1.2 µg/ml aminopterin and 8.8 µg/ml mycophenolic acid) for 1 week to eliminate spontaneous gpt -mutants. A sample of 0.5ϫ10 6 cells were incubated in recovery medium (containing 1.2 µg/ml thymidine, 11.5 µg/ml xanthine, 3 µg/ml adenine) for 48 h. Cells were exposed to KBrO 3 or Ro19-8022 plus light as described above and subsequently cultured in full medium for 1 week (expression time). A total of 2ϫ10 5 cells were diluted in 10 ml culture medium and plated in tissue culture dishes (100 mm). After 2 h, 6-thioguanine was added to each plate (final concentration 2.5 µg/ml) for selection. To determine the cloning efficiencies, 200 cells in 5 ml culture medium were plated in culture dishes (60 mm). After incubation for 7 to 9 days, the medium was replaced by NaCl solution (0.9%, w/v), the cell colonies were fixed with methanol (-20°C) for 15 min and stained with Giemsa (10% in H 2 O) for 15 min. The subsequent quantification of 6-thioguanine-resistant cells and the determination of cytotoxicity (ratio of the plating efficiencies of treated and untreated cells directly after exposure to KBrO 3 or Ro19-8022 plus light) was carried out according to the protocol of Tindall et al. (27) .
Quantification of spontaneous mutation rates
The determination of spontanous mutation rates was carried out as described by Glaab and Tindall (28) . AS52 cells were cleared of gpt mutants by culture in cleansing medium (see above) and subsequently kept in regular medium under exponential growth conditions. When cells were replated at various times, the number of cell divisions after the removal of the cleansing medium was determined by cell counting and correction for the plating efficiency (0.89 Ϯ 0.07), and aliquots of the cells (1ϫ10 6 ) were analysed for the fraction of 6-thioguanine-resistant cells as described above. 
Results

Overexpression of OGG1 in mammalian cells
An expression vector carrying the open reading frame of hOGG1 was transfected by means of a lipid-based reagent into AA8 and AS52 Chinese hamster ovary cells. The latter cell line carries the bacterial gpt gene for mutation analysis. Stably transfected clones were selected by their geneticin resistance. Protein extracts of several clones were analysed for the expression of hOGG1 by western blots and for the endonuclease and glycosylase activity of hOgg1 protein (cleavage of an 8-oxoG-containing oligomer, release of modified bases from poly(dG-dC) treated with methyl methanesulfonate plus alkali). Compared with the wild-type cells, the enzyme activity was~10-fold higher in clones AS52-ogg1-2 ( Figure 1 ) and AA8-ogg1-19. Several other clones had intermediate glycosylase activities.
Repair of base modifications induced by KBrO 3 and Ro19-8022 plus light
To induce oxidative DNA damage, the OGG1-transfected and parental cells were exposed to KBrO 3 or the photosensitizer Ro19-8022 plus light. Both agents were shown previously to generate cellular DNA damage profiles in which base modifications recognized by Fpg protein, the functional analogue of Ogg1 in bacteria, are the prevailing lesions (26,29,30 ). For both oxidants, a high percentage of the Fpg- sensitive modifications (70 Ϯ 11% in the case of bromate and 60 Ϯ 5% in the case of Ro19-8022) was identified as 8-oxoG by means of HPLC with electrochemical detection (31) . Other types of DNA modification such as strand breaks, sites of base loss and oxidative pyrimidine modifications are generated by KBrO 3 and photoexcited Ro19-8022 in relatively low yields.
For the determination of the repair kinetics, the numbers of Fpg-sensitive modifications in the cellular DNA were determined by means of the alkaline elution technique (25, 26) at various time points after exposure to the oxidants. The damaging conditions were chosen to generate~0.3 Fpgsensitive modifications per 10 6 bp. The induction of this low level of DNA damage was not associated with cytotoxicity, i.e. it had no effects on the cloning efficiency of the cells. The results (Figures 2 and 3) indicate that the OGG1-transfected AS52 and AA8 cells repaired the Fpg-sensitive base modifications induced by KBrO 3 or photosensitization much more rapidly than the parental cells. The repair rates in the various clones correlated well with the degree of overexpression estimated from the western blots and enzyme activity measurements in the cellular extracts (data not shown). It is noteworthy that repair rates in the parental AS52 cells were slightly, but significantly, lower than in the AA8 cells.
Mutation frequencies induced by photoexcited Ro19-8022 and KBrO 3
In order to test whether the more rapid repair of 8-oxoG in the OGG1-transfected cells results in a reduced mutagenicity of oxidants, we determined the mutation frequency in the gpt locus of wild-type and OGG1-transfected AS52 cells exposed to photoexcited Ro19-8022 and KBrO 3 .
In the case of Ro19-8022 plus light, cytotoxicity prevented the detection of pronounced mutagenicity (Figure 4) . Thus, exposure conditions that induced approximately eight Fpgsensitive modifications per 10 6 bp reduced the cloning efficiency to 1%. The mutation frequency in the wild-type AS52 cells was only 2-fold higher than the spontaneous mutation frequency under these conditions, but indeed appeared to be even lower in the OGG1-overexpressing cells (Figure 4 , upper panel).
KBrO 3 proved to be much more mutagenic than Ro19-8022 plus light at moderately toxic concentrations ( Figure 5) . However, the mutation frequencies in the OGG1-overexpress- ing AS52 cells were only slightly lower than in the wild-type cells. Similarly, the cytotoxicity of KBrO 3 was the same in both strains ( Figure 5, lower panel) .
Steady-state levels of Fpg-sensitive modifications
The steady-state (background) levels of Fpg-sensitive modifications determined in untreated OGG1-overexpressing and parental AS52 and AA8 cells are shown in Figure 6 . No significant differences were observed between the various strains.
Spontaneous mutation rates
The numbers of spontaneous gpt mutants observed in AS52 cells and several tranformant clones at various times (cell generations) after an incubation in a cleansing medium, which selects for an intact gpt activity and thus eliminates preexisting mutants, are shown in Figure 7 . Linear increases of the mutation frequencies (constant mutation rates) were observed for all cell clones over~70 generations (~8 weeks). The spontaneous mutation rates calculated from these data are given in Table I . The mutation rates in the two OGG1-overexpressing clones AS52-ogg1-2 and AS52-ogg1-3 were significantly lower than in the parental AS52 cells. However, reduced mutation rates were also observed in a vector-only transfected AS52. A similarly low mutation rate was also observed in another clone that did not significantly express hOGG1 (data not shown). It has to be concluded that the OGG1 overexpression has no signficant influence on the spontanous generation of mutation in the gpt locus of AS52 cells cultured under normal conditions. The presence of geneticin, which selects for transfected cells, had no influence on the mutation rates (data not shown).
The doubling time of the transfectants (18.3 Ϯ 2.2 h for clone AS52-ogg1-2) was not significantly different from that of the parental AS52 cells (18.9 Ϯ 2.5 h).
Discussion
The results described above demonstrate that the human 8-oxoG DNA glycosylase Ogg1 can be overexpressed in Fig. 7 . Rates of the generation of spontaneous gpt mutants in parental AS52 cells (ϫ), OGG1-transfected AS52 (n; m) and vector-only tranfected AS52 cells (s). Spontaneous mutation frequencies were determined at various time points after selection for intact gpt activity by culturing in a cleansing medium. Two independent experiments are shown for each cell type. Figure 7 .
mammalian cells. The overexpression results in a several-fold higher enzyme activity in cellular extracts ( Figure 1 ) and correspondingly to an up to 3-fold more rapid cellular repair of oxidative base modifications sensitive to Fpg protein, the bacterial functional analogue of Ogg1 protein (Figures 2 and 3 ). Similar effects were observed for Fpg-sensitive modifications induced by KBrO 3 , a rodent carcinogen which requires activation by glutathione and possibly generates DNA damage via bromine radicals or related species (29) , and Ro19-8022, a relatively polar photosensitizer which induces DNA damage at least in part via singlet oxgen (32) . Repair rates observed in the parental AS52 and AA8 cells are similar to values reported previously for the removal of 8-oxoG or Fpg-sensitive modifications in several types of rodent and human cells (26, (33) (34) (35) (36) . The observation that a 10-fold higher enzyme activity ( Figure 1 ) is associated with an only 3-fold higher repair rate (Figures 2 and 3 ) might be an indication that the cellular repair involves additional components that become rate-limiting at high OGG1 protein concentrations.
Since the repair kinetics observed in the overexpressing cells are not biphasic (Figures 2 and 3) , all or most of the induced Fpg-sensitive modifications are also substrates of the hOgg1 protein. This is consistent with previous observations that the Fpg-sensitive modifications generated by both KBrO 3 and photoexcited Ro19-8022 are predominantly 8-oxoG residues (29, 31, 32) .
The effect of the OGG1 overexpression on the mutagenicity of the oxidants could not be demonstrated unambiguously. The cytotoxicity of photoexcited Ro19-8022, most probably caused by damage to other cellular targets than DNA, did not allow determination of mutation frequencies for concentrations that induced more than eight Fpg-sensitive base modifications per 10 6 bp. Due to the low number of mutations induced under these conditions (Figure 4) , the difference between wild-type and OGG1-overexpressing AS52 cells was not significant. The low mutation frequency in the gpt gene at this level of DNA damage is, however, consistent with the relatively low mutation frequencies (Ͻ2%) observed when DNA containing single 8-oxoG residues was replicated in mammalian cells (37, 38) . KBrO 3 generated a much higher mutation frequency than Ro19-8022 plus light, but the difference between the parental and OGG1-overexpressing cells was only marginal (Figure 5 ). It is likely that the mutagenicity of KBrO 3 at high concentrations (Ͼ20 mM) is not caused by Fpg-sensitive modifications. The assumption is supported by a non-linear dose response ( Figure 5 ), which is an indication that the damaging mechanism and therefore the types and ratios of DNA modifications at the highly mutagenic concentrations may be different from those observed previously at low KBrO 3 concentrations (29) . The findings suggest that 8-oxoG is also not the DNA modification responsible for the carcinogenicity of KBrO 3 in rodents.
Despite the much higher repair capacity for Fpg-sensitive modifications, the steady-state (background) levels of these modifications were unchanged in all transfected clones ( Figure 6 ). The result is an indication that the activity of Ogg1 protein in the cells is not rate-limiting for the removal of those substrate modifications that are present in untreated cells, possibly because these are not accessible to the enzyme. A more trivial explanation for the finding would be that the background levels detected by Fpg protein result from artifactual oxidation during cell lysis or unspecific incisions by the enzyme. This possibility cannot be completely excluded, although there are several indications that the observed steadystate levels are indeed correct, as summarized previously (26, 31) . In particular, an artifactual oxidation by hydroxyl radicals (in the absence of repair) would generate a damage profile different from that observed in the untreated cells (30) , and the differences observed between the steady-state levels in various cell types or between proliferating and arrested cells are difficult to reconcile with a significant number of unspecific incisions.
The overexpression of Ogg1 protein did not reduce the spontaneous mutation rate observed in the gpt locus of AS52 cells, either because the steady-state levels of the Ogg1-sensitive modifications were unchanged as suggested by the results described above or because the substrate modifications of Ogg1 protein do not contribute significantly to the overall spontaneous mutation rate in this locus. Surprisingly, the mutation rates in all tranfectants, including the vector-only transfected cells, were lower than in the parental AS52 cells. A putative explanation is that the selection for stable transfection also selects against genetically unstable (hypermutable) cells.
In conclusion, the data presented here indicate that an overexpression of hOgg1 protein alone has no effect on the levels of spontaneous oxidative DNA damage and mutation rates, although it accelerates the repair of substrate modifications induced by exogenous oxidants. Experiments with knock-out mice will show whether defects of OGG1 enhance the steady-state levels of oxidative DNA damage and the spontaneous mutation rates and predispose to cancer development.
